Natural gas plays an increasing important role in the China's energy revolution. The rapid market development and refined government regulation demand improvements in the natural gas transport pipeline network. Therefore, it is of great theoretical and practical significance to conduct a study regarding the layout of pipeline networks. To reflect the comprehensive benefits of pipeline projects and obtain global optimal solution, this study introduces the dominance degree model (DDM). Aiming at optimizing the layout of natural gas transport pipeline networks, this paper studies the uncertainty of the DDM and the corresponding method for network layout. This study proposes an uncertainty analysis based on the Monte Carlo method to quantify the uncertainty of the DDM and its influential factors. Finally, the methodology is applied to the real case of a natural gas transport pipeline project in Zhejiang Province, China. The calculation results suggest that the methodology appropriately addresses the problem of pipeline network layout for natural gas transport. This has important implications for other potential pipeline networks not only in the Zhejiang Province but also throughout China and beyond.
Introduction
Natural gas is an efficient and clean energy source that can be utilised in the production of low-carbon energy consumption [1] . According to China's energy development strategic plan and natural gas transport pipeline network plan, the share of natural gas in the primary energy consumption will continue to increase up to 10% by 2020, while the total length of natural gas pipelines is planned to reach 104,000 km. Driven by the continued growth of consumption and infrastructure strengthening, the trunk pipeline coverage will be further expanded and the regional gas transport pipeline network will be improved.
The natural gas transport pipeline network is tasked with gas distribution, which plays a significant role in improving 2 Journal of Advanced Transportation The algorithm is simple and suitable for dealing with constrained optimization problems
Unable to deal with multi-variable, multi-constraint optimization problems tree method (MSTM) and dynamic programming (DP) are the most commonly used solutions. MSTM abstracts the pipeline network into an undirected network, including the classic solutions of the Dijkstra, Kruskal, and Steiner algorithms [7, 8] . Compared to traditional graph theory solutions, these algorithms are implemented by computer programs for processing and have a relatively higher operational efficiency. The Steiner algorithms are effective in solving the shortest path problem of a large-scale network [9] [10] [11] . However, the three algorithms mentioned above do not consider the investment costs of pipeline projects, and their results can only be regarded as the initial pipeline network layout. DP can deal with the optimization problem of multiple decision-making variables. However, dimension obstacles exist during the solution process. Specifically, the computation will increase exponentially as the number of variables grows. When the dimension of this problem increases to a certain extent, the problem cannot be solved [12] . Thus, the current commonly used methods have certain advantages and limitations, as presented in Table 1 . In summary, the optimization of the natural gas transport pipeline network is a multiobjective nonlinear programming problem, which should consider the uncertainty caused by the gas market and costs. However, this problem cannot be solved easily and effectively by using the abovementioned methods. With regard to uncertainty and network layout, previous studies have mainly focused on transportation and logistics [13] [14] [15] . For example, regarding uncertainty and traffic network layout, Partriksson used a stochastic bilevel programming model to solve the optimal transportation network layout scheme based on the uncertainty of demand [16] . Yin et al. [17, 18] studied the urban road network layout methods under the impact of demand uncertainty and proposed sensitivity-based, scenario-based, and minmax optimization models. Zhang et al. [19] investigated the joint optimization problem of the green vehicle scheduling and routing problem in time-varying traffic networks and developed a corresponding joint optimization model. However, extensive studies on uncertainty associated with and the layout of the natural gas transport pipeline network have not been reported.
Therefore, this study uses the dominance degree model (DDM) of pipeline projects and the corresponding layout method, which considers socioeconomic benefits and construction costs. The layout method based on the DDM is simple: it provides a global optimal solution to obtain the comprehensive benefits of the pipeline network. Therefore, by analyzing the uncertain influential factors of the DDM, this study proposes an innovative uncertainty analysis of the natural gas transport pipeline network layout based on the Monte Carlo method. This proposed method uses the Monte Carlo method and sensitivity analysis to determine the impact of uncertainty factors on the model results. This can quantify the uncertainty and its influence and thus strengthen the practicability of the DDM and function as a future reference for the optimal layout of the pipeline network. Finally, to verify the validity of the methodology, natural gas transport pipeline projects in Zhejiang Province, China, are taken as a case study.
Dominance Degree Model and Its Layout Method
The dominance degree model (DDM) of pipeline projects is a new method that was developed to optimize the pipeline network layout [20] . This method used the dominance degree to reflect the comprehensive benefits of transport pipeline projects by combining the potential model (PM) and economic potential theory (EPT) to build the dominance degree model (DDM) for pipeline projects. The DDM of pipeline projects embodies the comprehensive socioeconomic benefits of the projects. By comparing the dominance degree of pipeline projects when applying the DDM to the layout of natural gas transport pipeline network, the optimal layout scheme and construction sequences are determined, which will leverage the advantages of pipeline projects to obtain the maximum socioeconomic benefits of the pipeline network. (1) Pipeline projects will generate economic potential, which can be regarded as an index reflecting the city scale.
(2) Construction costs of pipeline projects will directly affect their economic benefits; therefore, construction costs were taken as a parameter reflecting the impedance in the PM.
(3) The influence of pipeline projects on economic potential of the city is closely related to its development level. Pipeline projects will directly affect the transformation of economic potential.
Therefore, some specific indicators can be selected to reflect these influential factors. Above all, the DDM of gas transport pipeline projects is established as follows:
where is the dominance degree of pipeline projects between city and gas transport station . is the dielectric constant, which is closely related to the urban functional orientation of cities and towns. For the DDM of natural gas transport pipeline projects, the city scale is selected to reflect this parameter. Considering the adjustment in 2014 of the classification criteria for city scales, can be calibrated as shown in Table 2 .
is related to the richness of urban resources, market development level, living standards of residents, and existing state of the industry. In this study, the macroeconomic indicator of GDP per capita is used to represent this parameter.
is the gas demand of city , which is related to the local energy consumption structure and policies. To facilitate the analysis of this question, the energy consumption per unit GDP is selected to reflect the status of energy consumption and saving. To some extent, it also reflects the current gas demand and development potential of natural gas.
is the distance between city and gas transport station , which can be expressed by a straight-line distance.
is the pipeline price per unit weight. is the pipeline weight per unit length. The values of and can be obtained from pipelines of the same diameter, material, and thickness, as a standard. is the terrain correction coefficient, which is used to modify the pipeline route length. Different topography conditions have different values, which can be determined by referring to engineering data within the study area.
is the number of crossings of the th type, and is the corresponding construction cost. = 1, 2, 3, 4 represent a river, grade highway, substandard highway, and railway, respectively.
Layout Methods Based on DDM.
By analyzing and comparing the dominance degree of pipeline projects within the natural gas transport pipeline network, the layout methods based on DDM can not only determine the optimal layout scheme, but also obtain construction sequences of pipeline projects. Thus, the socioeconomic benefits of the pipeline network will be maximized. The basic application process is shown in Figure 1 .
According to the layout process, the layout method for a natural gas transport network based on DDM consists of four steps, as follows.
Step 1 (abstract pipeline network in the regional area). First, abstract gas transport stations and valve chests into spatial nodes and record a set of nodes = {1, 2, . . . , }. Determine their locations on the map by using a geographic information system (GIS). Then, connect these nodes based on pipeline alignments and obtain a spatial structure diagram of the regional pipeline network.
Step 2 (calculate the dominance degree of pipeline projects). Similarly, abstract the cities and towns uncovered by the gas transport pipeline network into a set of nodes = {1, 2, . . . , }. Calibrate model parameters and use the DDM to calculate the dominance degree between node and node sequentially. Then, sort the calculation results in descending order.
Step 3 (update the pipeline network in the regional area). According to the calculation results, take the pipeline project of maximum dominance degree and connect its nodes at both ends to form a new pipeline route. Then, the corresponding nodes are incorporated into a set of node : that is, = {1, 2, . . . , + 1}. For example, assume that = {1, 2, 3, 4} and = {1, 2}, the calculated maximum dominance degree 21 , which means = 2 is removed from a set of node , subsumed into a set of node and denoted as = 3; then, = {1, 3, 4} and = {1, 2, 3}. Finally, the updated spatial structure diagram of the regional pipeline network is obtained.
Step 4 (calculate cyclically and output the results). Repeat Steps 2 and 3 until the set of nodes = {1, 2, . . . , } is an empty set, while the set of nodes = {1, 2, . . . , + }. At this time, all cities and towns have been covered by the pipeline network and the layout scheme of pipeline network is obtained. However, the natural gas market is subject to economic development, gas pricing, policy adjustments, and other factors, whose development trend shows a certain irregularity. In addition, the construction costs of pipeline projects vary when the market prices and construction costs of steel pipelines change. When applying the DDM to obtain the layout scheme of a pipeline network, the inputs that reflect the market scale and construction costs should be determined based on statistical data or similar empirical engineering data. Therefore, there is a certain degree of uncertainty in the DDM, which is mainly derived from the inputs.
Uncertainty of Inputs.
Model inputs mainly refer to data that describes the basic situation and related events and factors that affect the model performance [22] . The inputs of the DDM are obtained through related statistical survey data and by reference to similar empirical engineering data, which have a certain uncertainty. The survey data are the basic data, which are mainly used to characterize the urban socioeconomic conditions, energy consumption, and related policies along the pipeline project. Generally, there are errors in the surveys, although such data errors are somewhat limited to a certain extent and do not expand in the layout loop computation thanks to modern statistical methods. Therefore, the impact of the survey data error on the model uncertainty is relatively small. However, the inputs determined by similar empirical engineering data, such as the terrain correction coefficient and construction costs, will have a significant impact on model uncertainty. If, owing to conditional constraints, the survey of geographical environment conditions along the pipeline project is not detailed, the data will be more subjective. There are inevitable differences in geographical and environmental conditions along different natural gas transport pipeline projects, and thus, analogous data from similar projects may differ from the actual project. Therefore, the uncertainty of the model is likely to be dominated by the uncertainty of these inputs.
Uncertainty Analysis of Model

Quantitative Analysis of Uncertainty.
The method of moments and Monte Carlo method are two main methods used to evaluate the model outputs [23] . The method of moments requires that the outputs are specified as an explicit, single function of the inputs, where higher order derivatives are used to ensure computational accuracy [24] . From the perspective of model setting, owing to the computational complexity inherent to the DDM and its layout method, it is difficult to calculate the outputs by the method of moments. Therefore, this study uses the Monte Carlo method, since it can obtain more accurate results to quantify the uncertainty of the DDM. According to the general process of Monte Carlo method [25] , based on the characteristics of the DDM, the quantitative analysis of uncertainty includes the following three aspects.
Determine the Probability Distribution of Inputs.
The appropriate probability distribution is selected based on the characteristics of inputs of the DDM. In the DDM, many variables vary within the nonnegative range. To avoid the occurrence of negative numbers in the process of generating random numbers, the logarithmic normal distribution (LND) is used to represent the probability distribution of the DDM. The probability density function of the LND can be calculated as follows:
where Int is the location parameter, which represents the logarithmic mean of the probability distribution. Int is the shape parameter, which represents the logarithmic standard deviation.
The mean and variance of random variable can be represented as follows:
From (3) and (4), the coefficient of variation (CoV) can be obtained as follows:
(5)
Determine the CoV of Inputs.
The CoV can be used to compare the degree of variation among two or more units [26] . Therefore, the CoV can be regarded as the expression of parameters of uncertainty. Considering that the CoV of some inputs is difficult to be determined directly, the CoV of inputs can be assumed based on the relevant research results to analyze its impact on the outputs of the DDM [27] . Moreover, the standard deviation can be calculated by multiplying the CoV and mean value of the inputs.
Simulation Analysis of Dominance Degree Model.
The MATLAB software was used to program and solve the Monte Carlo simulation analysis of the DDM. According to the probability distribution of inputs, random samples are generated. Then, the results of outputs of DDM and their distribution can be calculated.
The Analysis Method of Uncertainty.
This study uses a multivariate sensitivity analysis method to quantify the uncertainty of the DDM. Based on the linear regression of inputs and outputs, the impact of inputs on output uncertainty is analyzed. This method provides assistance in determining this impact and uses the normalized regression coefficient to represent the influence degree [28, 29] .
Multiple Linear Regression Analysis.
The multiple linear regression analysis is a statistical method to investigate the relationship between a dependent variable and multiple independent variables [30] . Assume that there is a number of independent variables 1 , 2 , . . . , and a dependent variable . The model between them can be expressed as follows:
where 0 , 1 , . . . , represents the regression coefficient. represents the error term that obeys normal distribution (0, 2 ). By observing the variables 1 , 2 , . . . , , for times, the observations of ( 1 , 2 , . . . , , ) of groups are obtained. The least squares method is used to calculate 0 , 1 , . . . , , and then, the estimated valuê0,̂1, . . . ,̂can be obtained.
When carrying out the model uncertainty analysis, the outputs are set as dependent variables and the inputs are set as independent variables. Combined with the Monte Carlo simulation results, the regression coefficients were obtained by regression analysis.
Significance Tests of Regression Coefficients. To test if a regression coefficient
(1 ≤ ≤ ) is zero, it is equivalent to test whether its corresponding value has an impact on . Based on the linear regression model, we assume that 0 : = 0, 1 ≤ ≤ , and usêas a test to obtain the statistics of Student's distribution.
where represents the th element on the main diagonal of matrix = −1 and matrix is expressed as follows:
Given a significant level , if | | ≥ /2 ( − − 1), 0 is rejected, and is significantly not equal to zero. If | | < /2 ( − − 1), 0 is accepted, and is significantly equal to zero. When making a significant test of regression coefficients, the value of and of can be obtained. If < , it can also be determined that it is not equal to zero; namely, has a significant impact on model outputs. If > , has no impact on model outputs, and thus, the variable can be excluded.
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Figure 2: Natural gas transport pipeline network.
Sensitivity Analysis.
A nonparametric statistics method is proposed to examine sensitivity [31] . After the linear regression analysis and significance test of model outputs and inputs, the standardized regression coefficient SRC , which can be used to determine the impact of inputs on the uncertainty of outputs, can be calculated as follows:
where represents the regression coefficient. represents the standard deviation of independent variables. represents the standard deviation of dependent variables.
Case Study
The Lishui region along the Jinhua-Lishui-Wenzhou gas transport trunk pipeline engineering in Zhejiang Province, China, is taken as a case study. DDM and uncertainty analysis are used to determine the optimal layout scheme.
Pipeline Network and Model
Inputs. GIS is used to determine the locations of the three natural gas transport stations and two valve chests. Then, the pipeline network in the regional area is schematized as shown in Figure 2 .
According to the Statistical Yearbook of Lishui City of 2015, and energy consumption statistics of each county of Lishui City (Mátyás 1998), input parameters are as listed in Table 3 .
By reference to related data of the Lishui section of the Jinhua-Lishui-Wenzhou pipeline engineering project, the L450M steel is used for standard pipelines. The value of is 1.032. V is 0.77 ten thousand yuan/tons. G is 222.3 tons/km. 1 , 2 , 3 , 4 are, respectively, 250, 15, 4, and 25 thousand yuan/crossing.
Model Calculation Results.
By assuming that the model inputs obey the LND, the CoV is assigned a value of 0.3 based on related studies [32, 33] . Using the proposed methodology, the two layout schemes and project construction sequence of the gas pipeline network in the Lishui area are obtained, as shown in Figures 3 and 4 .
The results present in Table 4 are obtained by setting the significant level = 0.05 and using the multivariate sensitivity analysis method to quantify uncertainty of the DDM. The results reveal that the uncertainty of model inputs directly affects the pipeline network layout schemes and optimal construction sequences. The inputs having a significant impact on the uncertainty of the DDM are the GDP per capita , the dielectric constant K, the distance between city and gas transport station , and the corresponding construction costs of crossing a river and railway 1 , 4 .
Natural gas consumption and city scale are closely related to economic development level, which determine the market development potential and growth rate and become the main influential factors that affect the natural gas market. Thus, the uncertainty of and has a significant impact on model results. The pipeline project construction cost is related to the length of pipelines and the corresponding construction costs of crossings, which have a direct impact on the project investment and income. The higher costs of 1 and 4 directly affect construction costs. Thus, the uncertainty of , 1 , and 4 has a significant impact on the results of the model.
In summary, when the DDM is applied to determine the layout of a natural gas transport pipeline network, we should consider the impact of input uncertainty, so as to try and reduce this impact and improve the accuracy of the model results. Accordingly, this will support the best decision regarding the layout of the natural gas transport pipeline network.
Conclusions and Future Studies
The optimization of the layout of a natural gas transport pipeline network is a scientific and forward-looking topic with socioeconomic benefits. It is also a complex problem, which is affected by multiple factors including uncertainty. This study investigated the DDM and its layout method and analyzes the source and impact of model uncertainty and then proposed a new methodology for uncertainty analysis based on the Monte Carlo method. The Jinhua-Lishui-Wenzhou gas transport trunk pipeline engineering project at the Lishui region in Zhejiang Province, China, was taken as a case study, and the corresponding pipeline network layout scheme and the uncertainty analysis results were obtained.
Uncertainty is one type of limitation that exists almost in every model. The uncertainty analysis method that was developed for the DDM is a method that can quantify the uncertainty of the model and examine the influence of different uncertainty factors on the layout of a regional pipeline network. It was observed from the case study results that the uncertainty of the model directly affected the layout optimization for the gas transport pipeline network and provided us with different results. Therefore, in practical applications of the DDM for regional network layouts, it is necessary to conduct an uncertainty analysis and quantify uncertainty effects of the model. Through the uncertainty analysis, we were able to determine the factors that significantly affect the model uncertainty and take measures to improve the accuracy of these factors by reducing the influence of uncertainty and obtaining the optimal layout of gas transport pipeline network, which could be used as a reference and provide technical support to decision-making with regard to an optimal pipeline network layout.
However, there are several limitations in the present study. First, this study set the CoV to reflect changes in model inputs, while various differences existed between the set based on the empirical data and the actual situation. Thus, the method to determine the value of the CoV should be further studied. Second, a multivariate sensitivity analysis was used to analyze the impact of specific inputs on model uncertainty, while in reality, the model uncertainty may be caused by the combined impact of multiple inputs. Therefore, the impact of uncertainty derived from combinations of multiple inputs on the model results should be further studied.
